Objective. Repair of bone defects represents a grave clinical challenge because of the tremendous difficulties in the recovery of bone function and regeneration of bone loss. Therefore, we investigated the effects of platelet-rich plasma-loaded (PRP) porous chitosan microspheres (PCMs) on the differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) and the proliferation and differentiation potential of BMSCs loaded by PCMs in vitro. We also established the model of bone defect repair in rat tibia to further explore the effects of PCMs loaded with PRP and BMSCs on bone regeneration. Methods. MTT assay was used to detect the proliferative ability of BMSCs after hypoxia/reoxygenation (H/R) treatment and the proliferative ability of BMSCs loaded by PCMs; polymerase chain reaction (PCR) was used to detect the expression of alkaline phosphatase (ALP), type I collagen (Col I), and type II collagen (Col II) in BMSCs after hypoxia and in BMSCs induced by PRP-loaded PCMs; PCR was used to detect the expression of Runt-associated transcription factor 2 (Runx2) and osteocalcin (OC) in the newly generated bone tissue; micro-CT scanning was applied to measure the bone mineral density and bone volume of the newly generated bone tissue in rats. Results. BMSCs still have the normal potential of proliferation and differentiation after H/R treatment. PCMs can provide a larger surface for the attachment of BMSCs, facilitating cell proliferation. Loaded by PCMs, PRP can be slowly released, effectively stimulating the differentiation of BMSCs. PCM/PRP/BMSC composites increased the expression levels of Runx2 and OC in the newly generated bone in rat tibia defect and the bone mineral density. Moreover, the composites improved the rate of regenerated bone volume. Conclusion. The application of PCM/PRP/BMSC composites is promising in the repair of tibia defects.
Introduction
Biomaterials such as hydrogels, including porous chitosan microsphere (PCM), and fiber sheets have drawn great attention as tissue engineering scaffolds in bone defect repair thanks to their good biocompatibility and biodegradability [1] [2] [3] . Of all biomaterials, chitosan microspheres are used as a typical biomedical material mainly in cell culture, drug carrier, and gene therapy. With a porous structure, PCMs can support cell adhesion and proliferation by incorporating platelet-rich plasma (PRP), which is rich in growth factors. Therefore, PCM has obvious advantages as a tissue engineering scaffold. PCMs prolong the half-life of growth factors and maintain their activity and stability [4] . PCMs can not only load plasma but can also function as a cell carrier by increasing the diameter of the microspheres to induce cell aggregation [5] . By efficiently delivering growth factors and nutrients, PCMs facilitate the migration and adhesion of cells toward osteoblasts and also the proliferation and differentiation of cells into osteoblasts. With these remarkable properties, PCM has the clinical value of applying as a scaffold for bone tissue engineering [6] . PRP is similar to the normal blood in terms of the proportions of growth factors. Containing a variety of growth factors related to bone repair, PRP helps promote bone defect repair, such as growth/differentiation factor 5 (GDF-5), bone morphogenetic protein 2 (BMP-2), and transforming growth factor β1 (TGF-β1). Increased levels of TGF-β1 and BMP-2 can improve osteogenesis [7, 8] . Bone marrow-derived mesenchymal stem cells (BMSCs) are multipotential stem cells that can differentiate into such cells as osteoblasts and chondrocytes. Therefore, BMSCbased therapies may improve the repair of bone defects [9, 10] .
In this study, we explored the effects of PCM-PRP and PCM-BMSC composites on osteogenesis in vivo, demonstrating the cocktail effect of growth factors and BMSCs on bone formation in vivo and in vitro.
Materials and Methods

Preparation of Major Reagents and Cell
Purchase. Chitosan-gelatin microspheres were prepared based on the method used by Song et al. [11] . Chitosan/β-glycerol phosphate solution (solution A) was prepared with chitosan solution (2.2% (v/v) acetic acid solution) and β-glycerol phosphate solution (50% (w/w) aqueous solution) in a v/v ratio of 5 : 1. Type I collagen solution (solution B) was prepared by adding 700 μl of type I collagen into the mixture of 30 μl of 0.1 mol/l sodium hydroxide solution and 100 ml of 10x D-Hanks. Solution A and solution B were mixed in a v/v ratio of 1 : 1 after filter sterilization. The mixed solution was gelled at 37°C for 15 minutes, froze in a -80°C refrigerator for 2 hours, and freeze-dried for 48 hours before 2.5% glutaraldehyde was added to crosslink proteins for 3 hours at room temperature. After that, PBS was used to wash the mixture twice and diluted ethanol was added to dehydrate the mixture to obtain chitosan-gelatin microspheres. PCM-PRP composites were prepared based on the method used by Deprés-Tremblay et al. [12] . The mice were decapitated to obtain blood samples, which were anticoagulated with 12.9 mM sodium citrate. The blood samples were then centrifuged at 160 g for 10 minutes using ACE E-Z PRPTM centrifuge. The supernatants and 1-2 mm of red blood cell pellets were taken and centrifuged at 400 g for 10 min at room temperature before 0.5 ml of materials at the bottom of the tube were resuspended to prepare PRP. PCMs were then mixed with PRP at a v/v ratio of 1 : 1 to obtain PCM-PRP composites. To prepare PCM-BMSC composites, we purchased a MC3T3-E1 cell line (ATCC, USA) as BMSCs. PCMs were incubated with 5 × 10 6 cells/ml of BMSC solution for 3 days to collect PCM/BMSC composites.
Animal Grouping and Modeling.
A total of 20 male Wistar rats aged 4-8 weeks were divided into the Sham group, Model group, PRP/BMSC group, and PCM/PRP/BMSC group. The Sham group received sham surgery on the left tibia. The Model group received surgery to create a 3 mm diameter hole on the left tibia. The PRP/BMSC group received surgery to create a 3 mm diameter hole on the left tibia, and then, PRP and BMSCs were placed into the hole. For the PCM/PRP/BMSC group, PCM-PRP and PCM-BMSC composites (1 : 2, v/v) were implanted in the defect after a 3 mm diameter hole was made on the left tibia. Each of these implants contained approximately 10 4 BMSCs and 0.1 ml PRP. After 2 months and 4 months of treatment, respectively, 5 rats were euthanized in each group, and the newly generated bone tissues at the site of bone defect were collected.
Expression of Cytokines Related to Osteogenesis.
Alkaline phosphatase (ALP), type I collagen (Col I), and type II collagen (Col II) are key marker proteins during the differentiation of BMSCs into osteoblasts. Runt-associated transcription factor 2 (Runx2) and osteocalcin (OC) are key osteogenic genes for bone regeneration in bone defects [13] . Cells or tissue specimens were collected to extract RNA according to the instructions of the EASYspin Plus Bone Tissue RNA Kit. The mRNA expression levels of osteogenesisrelated cytokines, including ALP, Col I, and Col II, and genes, including Runx2 and OC, were detected by quantitative realtime RT-PCR (qRT-PCR) using GAPDH as internal reference.
Measurement of Bone Mineral Density and Bone Volume.
Tibiae were separated and scanned using micro-CT scanning. The bone mineral density and bone volume of newly generated bones were calculated.
Cell Proliferation.
According to the MTT assay, 2 × 10 3 cells were seeded in a 96-well plate. MTT solution was prepared by adding MTT (Sigma; EMD Millipore) into phosphate-buffered saline. A total of 20 μg/l MTT solution was added to each well, and the cells were cultured for another 4 h, 8 h, and 16 h, respectively, before their viability was measured by the absorbance value (A) using a microplate reader at a wavelength of 490 nm.
2.6. Statistical Analysis. All data were processed using SPSS 20.0 software package. Measurement data were expressed as the mean ± standard deviation and compared using a t-test. A P value of <0.05 was considered to be statistically significant.
Results
Proliferation and Differentiation Potential of BMSCs after
Hypoxia/Reaeration Treatment. To simulate the environment of chitosan microspheres prior to the sustained release of BMSCs, these stem cells were subjected to hypoxia/reoxygenation (H/R) treatment. The proliferative ability of BMSCs after H/R treatment was detected using the MTT. The results showed that there was no significant difference in MTT absorbance between H/R-treated cells and the control cells (P > 0 05), as shown in Figure 1 . Studies have shown that the use of PRP can enhance the expression of osteogenicrelated genes. After BMSCs were subjected to H/R treatment, PRP was used to induce cell differentiation for 7 days before the collection of total RNA. The intracellular expression levels of ALP, Col I, and osteopontin (OPN) were measured by qRT-PCR to evaluate the potential of cells differentiating into osteoblasts. The results showed that there were no significant differences in the expression levels of ALP, Col I, and OPN between H/R-treated BMSCs and PRP-induced BMSCs (all P > 0 05), as shown in Figure 2 . This suggests that the 2
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Cell Growth of PCM-BMSC Composites.
BMSCs were cultured with PCMs for 3 days to prepare PCM/BMSC composites, and spherical particles were observed under the microscope. After the PCM/BMSC composites were cultured for another 7 days, only a fraction of irregular PCM residues was observed under the microscope. MTT assay was performed for PCM/BMSC composites. The results showed that the cell viability of BMSCs loaded by PCMs was higher (P < 0 05), and the results of MTT assay were shown in Figure 3 . This suggests that before the degradation of PCMs, they can provide a larger surface for the attachment of BMSCs, facilitating cell proliferation.
Effect of PCM/PRP Composites on Differentiation of
BMSCs In Vitro. We first prepared PCM/PRP composites by incorporating PRP into PCMs. Total RNA was collected after in vitro induction of differentiation of BMSCs by PCM/PRP composites for 7 days. The intracellular expression levels of ALP, Col I, and OPN were detected by qRT-PCR. The results showed that the expression levels of ALP, Col I, and OPN in BMSCs induced by PCM/PRP composites were significantly increased compared with PRP-induced BMSCs (P < 0 05), as shown in Figure 4 . This suggests that PCMs allow the sustained release of PRP, which is better in promoting the differentiation of BMSCs.
PCM/PRP/BMSC Composites Increased Bone Mineral
Density in Rat Tibia Defect. We constructed a rat tibia defect model and used micro-CT scanning to detect the bone mineral density of the tibia defect. According to the results, the PRP/BMSC and PCM/PRP/BMSC groups had a significant increase in bone mineral density at 2 and 4 months after model establishment compared with the Model group (P < 0 05); the bone mineral density of the PCM/PRP/BMSC group was higher than that of the PRP/BMSC group (P < 0 05) and was closed to that of the Sham group (P > 0 05), as shown in Figure 5 . 
Discussion
Biomaterials have received wide attention because of the properties like slowing drug release in tissues, inducing inflammatory responses, and recruiting immune cells or the capability of acting as scaffolds [14, 15] . Clinically, regeneration of bone defect is an intractable problem. The development of bone tissue engineering has a great significance for the regeneration of bone defects. However, due to the low bioactivity and poor hydrophilicity, the scaffold is not an ideal choice for the regeneration of bone defects. Therefore, biomaterials such as chitosan and gelatin are applied to bone defect regeneration and have received extensive attention [16] . PCM is a natural nontoxic biomaterial with good biocompatibility and biodegradability. This study used a combination of PCM-PRP and PCM-BMSC composites for the repair of rat tibia defects to evaluate their bone repair effects. We first proved that BMSCs in PCM-BMSC composites still have the ability of proliferation and differentiation and PCM-PRP composites are capable of inducing the differentiation of BMSCs. While BMSCs are capable of self-renewal and differentiation into osteoblasts, PRP is prominent in promoting osteogenesis, allowing it to induce the proliferation and differentiation of BMSCs into osteoblasts. Most of the endogenous cytokines peak at the early stage of bone fracture repair and are metabolized thereafter; moreover, part of the International Journal of Polymer Science endogenous cytokines, such as BMP-2, has to reach a certain concentration before they can promote osteogenesis [17] . After bone injury, exogenous cytokines can be supplied in an amount more sufficient than endogenous cytokines, but the direct use of exogenous cytokines is of limited effect due to the inactivation by enzymes in body fluids [18] . In addition, high dose of exogenous cytokines may also be counterproductive for it would promote osteoclastogenesis, thereby accelerating bone resorption and resulting in reduced bone mass at the injury site [19] . Therefore, an appropriate release of exogenous cytokines is an important factor for the induction of effective bone regeneration [20] . In this study, PCMs were used to load PRP and BMSC, respectively, which slowed down the release of PRP and BMSCs and improved the biological effect of PRP. In this study, we combined the advantages of BMSCs and PRP in bone regeneration after injury to optimize the treatment for bone defects in rat tibiae. Such a combination has produced satisfying results in tissue regeneration in some studies. Lian et al. found that the combination of BMSCs and PRP contributes to the repair and regeneration of diabetic wounds [21] .
In conclusion, the use of PMC/PRP/BMSC composites benefits the repair of rat tibia defect. Its application is promising in the repair of tibia defects.
